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In laser-driven inertial confinement fusion, hot electrons can preheat the fuel and prevent
fusion-pellet compression to ignition conditions. Measuring the hot-electron population is
key to designing an optimized ignition platform. The hot electrons in these high-intensity,
laser-driven experiments, created via laser-plasma interactions, can be inferred from the
bremsstrahlung generated by hot electrons interacting with the target. At the National Ig-
nition Facility (NIF) [G. H. Miller et al., Opt. Eng. 43, 2841 (2004)], the filter-fluorescer
x-ray (FFLEX) diagnostic–a multichannel, hard x-ray spectrometer operating in the 20- to
500-keV range–has been upgraded to provide fully time-resolved, absolute measurements of
the bremsstrahlung spectrum with ∼300-ps resolution. Initial time-resolved data exhibited
significant background and low signal-to-noise ratio, leading to a redesign of the FFLEX
housing and enhanced shielding around the detector. The FFLEX x-ray sensitivity was char-
acterized with an absolutely calibrated, energy-dispersive high-purity germanium detector
(HPGe) using the high-energy x-ray (HEX) source [J. J. Lee et al., Proc. SPIE 8505, 850508
(2012)] at NSTec Livermore Operations over a range of K-shell fluorescence energies up to
111 keV (U Kβ). The detectors impulse response function was measured in-situ on NIF
short-pulse (∼90 ps) experiments, and in off-line tests.

I. INTRODUCTION

In inertial confinement fusion (ICF), a capsule con-
taining cryogenic deuterium–tritium (DT) fusion fuel is
rapidly compressed to high temperatures and areal densi-
ties sufficient for thermonuclear fusion.1 The goal of ICF
research is to achieve a sustained thermonuclear burn, for
which the energy released via the fusion burn is larger
than the incident driver energy; i.e., the target ignites
and the fusion gain exceeds unity. Current experiments
at the National Ignition Facility (NIF)2 aim at devel-
oping a laser-driven ICF platform, in which the fusion
pellet is compressed at low entropy; i.e., the DT fuel
is near Fermi degenerate. This is achieved with shaped
laser pulses, either via direct laser irradiation of the im-
plosion target (direct drive),3 or using the indirect-drive
approach.4 Here the laser irradiates the inner walls of a
high-Z (typically Au) cavity (hohlraum) that surrounds
the target, thereby generating a thermal x-ray bath that
drives the ablative capsule implosion. A key concern in
designing an optimized ignition platform is to limit the
number of energetic electrons that are generated through
plasma instabilities from the laser interacting with the
ablating hohlraum walls or the capsule ablator material.
These hot electrons can penetrate the ignition target and
prematurely heat the fuel, raising the fuel adiabat and re-
sulting in lower compression and reduced target perfor-

a)Invited paper published as part of the Proceedings of the 20th
Topical Conference on High-Temperature Plasma Diagnostics, At-
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mance. The mechanism and magnitude of hot-electron
production can change during the targets evolution, and
the acceptable level of hot-electron preheat increases as
the capsule is being compressed.5,6 A precise understand-
ing of the history of hot-electron generation in ignition
experiments is, therefore, vital for assessing its impact on
the targets performance.7 Here, we report on the filter-
fluorescer x-ray (FFLEX) diagnostic that is used to mea-
sure the hard x-ray history and to infer the time-resolved,
hot-electron population in ignition-scale experiments on
the NIF. FFLEX has been in operation on the NIF as
a time-integrated diagnostic since 2004.8 It has recently
been upgraded to provide temporal resolution. This pa-
per describes the upgraded diagnostic and its character-
ization.

II. THE FFLEX DIAGNOSTIC

The hot-electron population in ignition-scale exper-
iments is typically described with a two-temperature
distribution,9 comprising a T1∼20-keV component at-
tributed to stimulated Raman scattering (SRS),10 and
a high-temperature component of T2∼100 keV, at-
tributed to the two-plasmon–decay instability.11 The en-
ergetic electrons interact with the capsule ablator or the
hohlraum walls, and lose energy via collisions and in the
form of hard x-ray bremsstrahlung emission. A simple
equation relating the measurable hard x-ray spectral-
intensity distribution to a Maxwellian hot-electron popu-
lation can be derived by balancing bremsstrahlung emis-
sion with the stopping power for energetic electrons.12–14

This gives the thick-target bremsstrahlung equation for
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Here, Z∗ = ⟨Z2⟩/⟨Z⟩ is the average atomic number, and
Ehot,J is the energy content in joules in the hot-electron
component at temperature kThot.
To quantify the time-resolved hot-electron popula-

tion in laser-driven experiments on the NIF, the ab-
solutely calibrated FFLEX diagnostic measures the
bremsstrahlung spectrum’s temporal history in the 20-
to 500-keV range using ten individually filtered, time-
resolved detectors. FFLEX is positioned on the equator
of the NIF target chamber at port (90,110). A schematic
of channels 2 and 9 is shown in Fig. 1, with the inset
showing a photograph of the FFLEX diagnostic mounted
in the NIF target bay. Each channel comprises a fast
BaF2 scintillator, a UV filter, and a photomultiplier tube
(PMT). BaF2 has a decay time of ∼700 ps and exhibits
efficient absorption for x-ray energies as high as 500 keV.
The UV filters have an ∼40-nm bandpass centered at
220 nm and a peak transmittance of 30% to 40%. These
filters isolate the 220-nm fast-decay component of BaF2

from the 310-nm slow-decay component and reduce the
light yield from the scintillator. The PMTs are Hama-
matsu R5320 with a bialkali photocathode and an ∼700-
ps rise time. A negative bias ranging from 700 V to 2500
V can be applied to the photocathode to change its gain.
The gain scales approximately with the seventh power of
the bias, giving a dynamic operating range over roughly
four orders of magnitude. The anode of the PMT is run
directly to the 50-Ω input of a 2.5-GHz Tektronix oscil-
loscope that records the signal in steps of 100 ps. Each
oscilloscope has four channels with two channels at differ-
ent voltage scales dedicated to each FFLEX detector, and
two FFLEX detectors sharing one oscilloscope. Timing
is provided by an optical fiducial synchronized to the NIF
laser clock at ∼50 ns before the laser arrival, and with a
timing jitter of less than 20 ps. This is combined with
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FIG. 1. Schematic of FFLEX Channels 2 and 9. Inset: pho-
tograph of the diagnostic mounted at the equator of the NIF
target chamber.

TABLE I. Filter-fluorescer setup for channels 1–8

Channel Pre-filter, Fluorescer, Post-filter,

(µm) (µm) (µm)

1 Mo, 91.0 Y, 24.2 Y, 18.9

2 Sn, 74.3 Y, 31.8 Y, 22.5

3 Sn, 353 Ag, 34.1 Ag, 6.8

4 Mo, 113 Ag, 29.6 Ag, 9.5

5 Ta, 526 Yb, 170 Yb, 42.2

6 Pb, 794 Yb, 160 Yb, 40.4

7 Pb, 801 Au, 105 Au, 25.5

8 Ta, 525 Au, 111 Au, 25.8

the FFLEX signal via an optical-to-electrical converter
and gives an absolute reference to time the recorded x-
ray signal relative to the laser pulse and the absolute
experimental time.

Detectors 1–8 are arranged in a ring around the cen-
tral axis of the diagnostic (see inset of Fig. 1) and use
a combination of pre-filter, fluorescer, and post-filter to
select an x-ray energy range. The fluorescer and pre-
filter combination define the low-energy and high-energy
cutoffs of the detector response with the channels de-
signed in pairs of narrow- and broadband detectors that
share the same low-energy cutoff. Detectors 9 and 10,
extending out of the rear of the FFLEX diagnostic and
away from the chamber center, employ filter-only setups
that do not show the high-energy cutoff characteristic of
the fluorescer channels. They are sensitive to hard x-
ray emission above 100 keV and 200 keV, respectively.
Channels 9 and 10 share the same line of sight as detec-
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FIG. 2. FFLEX channel filter-transmission curves. Chan-
nels are paired in narrowband/broadband (odd/even channel
number) combinations for Channels 1–8. Channels 9 and 10
are high-energy channels measuring Thot components above
100 keV.
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TABLE II. Filter setup for channels 9 and 10

Channel Filter 1 Filter 1 Filter 3 Filter 4 Filter 5

9 Sn, 74.3 µm Y, 45.0 µm Cu, 5mm Al, 3 mm –

10 Pb, 0.79 mm Yb, 226 µm Pt, 0.8 mm Cu, 5mm Al, 3 mm

tors 2 and 6, respectively. Table I summarizes the filter
and fluorescer setups of channels 1–8; the combination of
filters used for the filter-only channels are listed in Table
II. The transmission curves for the filter-fluorescer and
filter-only setups are plotted in Fig. 2.

Sufficient shielding is necessary to ensure the detec-
tors register only x-ray emission from the target inter-
action, and any recorded data is not compromised by
scattered x-rays or electromagnetic interference (EMI).
A major source of EMI is the laser–target interaction it-
self, but other diagnostics can also be significant sources
of electromagnetic fields.15 Each detector is separately
assembled in a polyether ether ketone (PEEK) housing
surrounded by an enclosure to shield the PMT’s from
EMI. Each assembly is located inside a Pb housing with
a 1.25-cm wall thickness to shield the scintillator and
PMT from x-ray emission not originating at the laser–
target interaction. As part of the FFLEX upgrade from
time-integrated to time-resolved detectors, the shielding
was redesigned to fit the new detector size, but an initial
version of the new FFLEX housing exhibited insufficient
x-ray shielding around channels 1–8. This resulted in
significant background, particularly at late times and af-
ter the end of the laser drive. The observed background
was attributed to x rays scattering off neighboring di-
agnostics and the target bay walls. An example for a
data set compromised by excessive background is dis-
played in Fig. 3(a), with the solid blue line showing raw
FFLEX data and the dashed line marking the laser pulse.
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FIG. 3. FFLEX signal traces (a) before and (b) after up-
grading the FFLEX shielding. The dashed line shows the
laser-power profile and the solid line is the raw FFLEX wave-
form. As a result of the upgraded shielding shown in (c), the
late-time background in the FFLEX data after the end of the
laser pulse has been removed.

In this experiment (shot N130423) a NIF hohlraum was
driven with ∼1.1-MJ and 350-TW peak power. The sig-
nal observed by FFLEX is expected to result from ener-
getic electrons interacting with the Au plasma inside the
hohlraum, and the hohlraum walls. Since the lifetime
of these electrons is less than 100 ps, once the laser has
turned off the FFLEX trace is expected to drop quickly
on the time scale of the detector’s decay time (∼3 ns,
see Fig. 5). Instead, Fig. Fig. 3(a) shows significant
signal after the end of the laser pulse, extending over
tens of nanoseconds. These observations led to an up-
grade of the shielding around channels 1–8, as shown in
Fig. 3(c). The window flange was changed from Al to a
tungsten alloy (Heavymet) and a Pb bracelet was added
around each detector, increasing the lead shielding by
2.5 cm around the scintillator and PMT. Additionally,
an EMI gasket was added to all ten channels in front
of the window flange to enhance EMI protection [not
shown in Fig.3(c)]. Figure3(b) shows raw FFLEX data
of a recent shot (N130517) with very similar experimen-
tal conditions to the data from Fig. 3(a), but with the
additional shielding deployed. As expected, the data in
Fig. 3(b) does not exhibit the signal following the end of
the laser pulse (dashed line). Note that the drawing and
photograph in Fig. 1 show the original design without
the additional shielding.

III. CHARACTERIZATION

Calibrations were performed to quantify each detec-
tor’s x ray sensitivity, PMT space-charge saturation, im-
pulse response function (IRF), and the detector transit
time. The absolute sensitivity of each FFLEX detector
is determined by measuring the PMT’s dc current while
exposed to an x-ray source of known intensity and spec-
tral composition. The high-energy x-ray source (HEX)
at NSTec Livermore Operations served as a calibration
source.16 HEX uses a high-energy x-ray tube to excite
K-shell fluorescence in a fluorescer foil and is capable of
delivering near monoenergetic x-ray energies in the range
of 8 keV (Cu Kα) to 111 keV (U Kβ). The x-ray emis-
sion is collimated and its total flux is measured with an
absolutely calibrated, energy-dispersive high-purity ger-
manium detector (HPGe). Placing an FFLEX channel
in the same position as the HPGe reference exposes it
to the same flux, thereby relating the FFLEX PMT cur-
rent to the incident x-ray flux at a known K-shell energy.
Taking the dark current into account for background sub-
traction, and multiplying with the 50-Ω input impedence
of the oscilloscope, yields the channel sensitivity in units
of Vns/keV. This relates the area under the oscilloscope
waveform from an FFLEX detector to the x-ray energy
incident on the scintillator for a given time interval.
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To quantify the uncertainty of this measurement, the
absolute sensitivity of a single FFLEX detector biased at
–1700 V was measured in multiple configurations. This
included measurements at different x-ray energies from
22 keV (Ag Kα) to 111 keV (U Kβ), with x-ray beams
of different sizes and at two separate distances to the
HEX source. Within the measurement error, the detector
showed a flat response over the measured energy range,
and the 14 individual setups yielded a standard devia-
tion of 17% in the calculated sensitivity. The remaining
FFLEX detectors were calibrated over the full operating
bias range of –700 V to –2500 V in 200-V steps, with
the x-ray source energies selected to match the operat-
ing range of the specific detector. Despite the calibration
being limited to below ∼110 keV, the BaF2 light yield
per incident energy depends only weakly on the photon
energy for photons above 100 keV, and the detector sen-
sitivity is limited only by the x-ray stopping power of the
scintillator.17

For signals of high enough magnitude, dynode-based
PMT’s saturate because of space-charge current limita-
tions, as opposed to charge depletion. The PMT current
reaches an upper limit and the output of the PMT tem-
porally broadens. To avoid temporal broadening of the
measured FFLEX signal, it is important to operate the
detector below this space-charge saturation limit. The
voltage on the oscilloscope at which signal broadening
occurs was measured by focusing a 5-ns, 400-nm laser
onto the photocathode of the PMT. By varying the inci-
dent energy, the signal was increased until the detector
response started to broaden by >∼10%. To confirm that
space-charge saturation had been reached, the laser in-
tensity was then increased further by up to a factor 10.
Figure 4(a) shows the average space-charge saturation
limit as a function of the applied bias voltage, with the
error bars denoting the highest and lowest values mea-
sured. To avoid nonlinearity effects prior to reaching the
saturation limit, the detectors are typically operated at
signal levels of ≤30% of the saturation limit.
The transit time of the electrons from the PMT pho-

tocathode to the anode is a function of the applied bias
voltage. When correlating the measured x-ray trace to
the absolute laser time, this variation must be taken into
account. The transit time was measured by focusing an
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FIG. 4. (a) FFLEX space-charge limit of the signal voltage
as a function of the applied bias. The solid line is the aver-
age of all ten detectors and the error bars denote minimum
and maximum measured values. (b) PMT transit time as a
function of the applied bias voltage.

80-ps, 400-nm laser pulse directly onto a PMT photo-
cathode and comparing the laser arrival time, as mea-
sured by a photodiode, with the time of the measured
PMT peak current. Figure 4(b) shows the difference in
the delay between the peak signal on the photodiode and
the PMT as a function of bias voltage. The transit time
in nanoseconds is well fit by tns = 10

√
−2250/Vbias,V

where V bias,V is the applied photocathode bias voltage
in volts.

A dedicated NIF timing shot was used to establish syn-
chronization and absolute timing of all ten FFLEX chan-
nels. All 192 NIF beams delivered a laser pulse consisting
of a 1-ns foot at ∼0.5 TW followed by an ∼90-ps, 80-TW
laser impulse, with a total energy of ∼14 kJ. The laser
was focused onto a 6-µm Au foil coated with 5 µm of CH.
The laser prepulse ablates the CH coating, thereby set-
ting up a plasma atmosphere that enhances coupling of
the incident high-intensity impulse. This generates hot
electrons that deposit their energy into the Au, giving
hard x-ray emission concurrent with the laser impulse.
The errors in determining the timing of peak emission,
laser timing, and fiducial jitter, as well as that intro-
duced by the PMT transit time, yield an uncertainty in
the FFLEX oscilloscope traces of ∼170 ps. With a sys-
tematic uncertainty of the IRF of ∼150-ps (see below),
the timing error after deconvolution increases to 230 ps.

Any x-ray signal recorded by FFLEX will be convolved
with the system’s IRF and to extract the temporal profile
of the incident signal from the data, the detector’s IRF
must be accurately known. The x-ray IRF of two FFLEX
detectors was measured off-line by the Comet laser at the
Jupiter Laser Facility (JLF)18 before installation on the
NIF. A 5-J, 1053-nm, subpicosecond laser was focused
onto a Cu target to generate an x-ray signal that was
then recorded with individual FFLEX detectors. The ex-
perimental setup reproduced the NIF FFLEX setup; i.e.,
cabling, oscilloscope, etc. The FFLEX data is recorded
on a 100-ps time base such that the x-ray emission from
the Cu can be regarded as a δ function and the measured
FFLEX signal is a direct representation of the system’s
response. Multiple measurements of the bias-dependent
IRF’s were obtained for a set of bias voltages on both de-
tectors and, as expected, no significant variation of the
system response was observed between the two FFLEX
channels.

The NIF timing shot acted as an in-situ measurement
of the detector’s impulse response. Because of low sig-
nal, this is limited to high-gain settings with biases typ-
ically exceeding –2200 V. At these voltages, the in-situ
rise and decay times of the detector’s signals recorded on
the NIF proved faster than the off-line measurements by
∼20%. This was confirmed in subsequent high-intensity
laser-impulse experiments on the NIF. This indicates
that the experimental setup for off-line measurements did
not fully reproduce the setup used on the NIF. The off-
line IRF’s were scaled to match the in-situ response and
the same 20% correction factor was applied to the IRF’s
used for lower bias settings. Figure 5 shows examples of
the FFLEX IRF at various bias voltages. As expected,
the impulse response becomes faster with increased bias
since the PMT transit time is shortened and the current-
waveform dispersion during transit from photocathode to



5

E22330J1

–1100 V
–1700 V
–2300 V

–5
0.00

0.01

0.02

0.03

0.04

0

Time (ns)

Im
p
u
ls

e 
re

sp
o
n
se

5 10

FIG. 5. FFLEX impulse response function at an operating
bias of –1.1 kV (solid line), –1.7 kV (dashed–dotted line),
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anode is reduced.

IV. APPLICATIONS

The time-resolved FFLEX capabilities are an impor-
tant addition to the NIF diagnostics suite. The time-
resolved upgrade was fully implemented in May 2013 and
in the following ten months, FFLEX was used for >70%
of all NIF target shots. To infer the hot-electron popu-
lation in NIF experiments, an exponentially falling hard
x-ray spectrum with one or two temperature components
following Eq. 1 is assumed. This is used to calculate the
expected signal on the ith FFLEX channel for a given
hot-electron population. By comparing the predicted
signal to the experimental data, the hot-electron tem-
perature and energy content are determined through an
iterative fitting process and a χ2-minimization analysis.
In hohlraum experiments, it was found that additionally
including Au Kα and Kβ emission as a fitting parame-
ter (rather than solving it self-consistently) significantly
improves the quality of the fit.9 An example for a time-
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FIG. 7. Time-resolved FFLEX analysis for the data in Fig. 6,
with (a) temperature and (b) emission power relative to the
incident laser drive (dashed line).

integrated temperature analysis for a directly driven CH
capsule (shot N131210) is shown Fig. 6. In this case the
analysis converges to a single temperature distribution.
The squares denote the measured x-ray emission for the
ten FFLEX channels, and the solid line represents the
fit through the data, giving a hot-electron component
with a temperature of T=46±2 keV and an energy of
E=2.5±0.2 kJ.

To take advantage of the time-resolved capabilities of
the upgraded FFLEX diagnostic, the oscilloscope wave-
forms are deconvolved to remove the detector-imposed
IRF’s and to produce a signal representative of the
time-varying x-ray flux incident onto the FFLEX detec-
tor. The iterative deconvolution method of Nagy and
Strakoš19 is used, which is a modification of the steepest
descent algorithm to minimize least-squares differences
between the measured signal and the convolution of the
deconvolved signal with the IRF. The time-resolved anal-
ysis for temperature and energy content of the data in
Fig. 6 is shown in Figs. 7(a) and (b), respectively. In
both plots the dashed line denotes the laser power in-
cident onto the direct-drive target. The measured hard
x-ray emission coincides with the high-intensity part of
the drive laser. The emission rises quickly over ∼1.5 ns
following the increased intensity of the laser drive, and
then stays relatively stable at ∼47 keV with approxi-
mately 0.7% of the incident laser power being converted
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into hot electrons. The signal rapidly drops into the noise
once the laser has turned off.

V. CONCLUSION

In conclusion, FFLEX is a hard x-ray detector at the
National Ignition Facility that is used to infer the hot-
electron population in high-energy density, ignition-scale
experiments via hard x-ray emission measurement. The
diagnostic consists of ten separate channels filtered to be
sensitive to x rays in the 20- to 500-keV range. FFLEX
has been in operation as a time-integrated diagnostic
since 2004, but has recently been upgraded to provide
absolutely calibrated, fully time-resolved measurements.
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